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S’il était possible de connaître l’ensemble des paramètres qui influencent les performances des 
systèmes d’assainissement (ou s’ils étaient déterministes), le processus décisionnel associé à la 
planification du remplacement des conduites d’assainissement serait relativement simple et direct. 
Malheureusement, toute tentative de prévision de la durée de vie utile est entachée d’incertitudes 
portant sur le processus de détérioration, la variabilité des propriétés des conduites d’assainissement, 
les conditions environnementales ou encore les ressources disponibles pour la collecte des 
informations (principalement des inspections à l’intérieur des réseaux d’assainissement). La gestion 
des réseaux d’assainissement repose donc sur des informations incertaines et incomplètes. Sachant 
que dans les zones sujettes à des tassements de terrain significatifs la majorité des 
dysfonctionnements (embâcles, infiltration, ensablement, perte de capacité hydraulique, etc.) résultent 
probablement de tassements différentiels des conduites d’assainissement, un travail de recherche 




If all parameters influencing sewer performance were known (or deterministic) then the decision 
making process associated to the planning of sewer replacement should be relatively straightforward. 
However, when trying to forecast service life, uncertainties arise considering the deterioration process, 
the variability of sewer pipe properties, environmental conditions or the used information resources 
(mainly in-sewer inspections). Consequently the management of sewer networks is based on 
uncertain and incomplete information. Because in areas with significant ground settlement the majority 
of dysfunctions (blockages, infiltration, sand silting, decrease in hydraulic capacity etc.) will probably 









Sewer system construction on a large scale started in the Netherlands in the 1950s. Consequently, 
only few pipes can be found dating back to earlier decades. For the city of Amsterdam the year of 
construction of sewer pipes is shown in figure 1. Because the total life span of sewer pipes is thought 
to be around 60 years, it is expected that the number of pipes that need replacement will increase over 









Figure 1: Year of construction of Amsterdam sewer pipes 
At the moment in Amsterdam the most important criterion to replace a 60+sewer pipe is the decision 
of the road manager to renovate the overlaying road. There are two motivations behind this criterion; 
first, simultaneous replacement of sewer pipes and road surfaces drastically reduces sewer 
rehabilitation costs and secondly, unnecessary road works are undesired. The latter implies that, in 
case of road renovation, the decision not to replace the underlying sewer pipes calls for an 
expectation that sewer pipes will last until the next moment of road renovation (on average once every 
25 years). 
When a road surface renovation plan is issued, the sewer manager collects available information on 
the condition and the functioning of the underlying sewer pipes. Direct available information sources 
are sewer inspection results, recommendations based on hydrodynamic model calculations and 
information on potential locations of stagnant water using sewer invert level measurements. Due to 
lack of insight in the sewer deterioration processes sewer managers often tend to take a ‘safe’ 
decision and replace sewer pipes. Since sewer system functioning only plays a minor role in the 
decision process, it is likely that some replaced sewer pipes could have functioned properly for many 
years to come. 
It is obvious that the road manager plays an important or even leading role in decisions on sewer 
replacement. This is undesirable from a sewer manager point of view. However, at the moment sewer 
managers have insufficient insight in sewer deterioration processes and lack necessary information on 
sewer system condition and functioning, resulting in ill-funded or absent sewer renewal plans. As a 
result, discussions between road and sewer managers are often unidirectional. 
Recently, a 4-year study was initiated to search for additional criterions to make sewer pipe 
replacement decisions more sensible. For this, more insight in the sewer system deterioration 
processes is required. This insight can also be used to prioritize sewer investments resulting in a 
better use of time and money. Currently available information sources have a large uncertainty and do 
not provide the necessary information; therefore, the potential of a new information source will be 
assessed. 
1 ASSESSMENT OF SEWER SYSTEM FUNCTIONING 
The sewer system management process can be schematized into 4 subsequent steps (figure 2). The 
driving force and most important step of the process is the investigation of the performance of the 
sewer system. If this investigation does not provide the required information, it is impossible to 
correctly compare the current performance with the performance requirements. Hence, any selected 
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solutions based on an invalid comparison run a high risk of being inefficient. 
 
 Figure 2: Schematization of the sewer system management process (source: CEN, 2008) 
 
Sewer system functioning can be described on 3 levels: system, network and object level. To assess 
the performance on each level, different types of information are necessary. Generally, the 
theoretically required information is not available and alternative, indicative information can be used 
instead (table 1-1). 






system interaction with other systems 




measurements at WWTP 
municipal call information 
network ability to transport and collect 
sewerage in a designated area 
flow rate (flow) measurements 
model calculations 
object local collection or transport of 
wastewater / stormwater 
condition 
assessment 
in-sewer inspection  
municipal call information  
 
The performance of an object is defined by the ability to fulfil its function. Theoretically, if the 
performance of all objects and the relations between the objects are known, performance on higher 
levels (network and system level) can be deduced. In practice however, objective assessment of all 
objects is not feasible, and relations among and between objects, the network and the system are not 
fully known. With the theory in mind, sewer managers focus on condition assessment on object level 
by means of in-sewer inspections. This results in a database of possible causes of dysfunctioning on 
object level; if and when these causes actually result in dysfunctioning on network and system level is 
however not included in the database. Another shortcoming of in-sewer inspections is the 
subjectiveness of the data. Analysis of inspection data from 4 municipalities in the Netherlands 
indicated that the quality of the data is insufficient to base rehabilitation decisions on without adding 
further information (Dirksen et al. 2008). 
In general, in order to assess sewer system functioning more effectively information sources are 
required that: 
- give information on functioning on network level; 
- use objective measurements; 
- give the opportunity to predict future condition state; 
- are cost effective and 
- use a parameter that can be measured using current technology. 
When a sewer pipe ages two main processes can be discriminated: the structural condition 
deteriorates and the hydraulic capacity reduces. A questionnaire among Amsterdam sewer managers 
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learned that the incidence of sewer collapses (a dysfunction caused by structural deterioration) is 
virtually non-existing. Consequently, specifically for the Amsterdam study area, only information is 
required on the reduction of the hydraulic capacity of the sewer system. 
Le Gauffre et al. (2007) present a relationship between defects, dysfunctions and impacts by a 
qualitative flow model: 
defect  dysfunction1 [ dysfunction 2] impact 
An additional causal relation exists between defects and the cause of defects. Because the city of 
Amsterdam is situated in an area with significant ground settlement (~0.5 cm/year, De Bosatlas van 
Ondergronds Nederland, 2009), it is expected that differential settlement of the sewer system is the 
most important cause for the development of defects. Examples of such defects are displaced and 
open joints, flow direction reversal, etc. Most defects lead to a reduction of the hydraulic capacity. 
Sewer settlement is a source of information that complies with the previous set of demands since (1) 
data on sewer settlement is already available for the Amsterdam sewers, (2) settlement is a parameter 
that can be measured objectively, (3) it gives information on network level and (4) the rate of 
settlement can be predicted using e.g. linear model. 
2 OUTLINE OF THE STUDY 
The subject of the study is sensible sewer rehabilitation using information on sewer settlement. The 
objective is to provide a methodology that can be used to predict the hydraulic performance of sewer 
systems in areas with significant ground settlement. If successful, this information will better support 
decisions on gravity sewer rehabilitation and maintenance in Amsterdam. 
The study consists of 3 phases. At first, the mean settlement of the study area is analyzed and 
quantified. Since currently no detailed information on ground settlement is available, an important part 
of the study comprises the development of a map indicating the mean ground settlement. The results 
are discussed in the next two paragraphs. For the development of defects is mainly influenced by 
settlement differences between pipe segments and manholes, the next research phase will focus on 
the analysis of differential settlements. Using in-sewer inspection videos unequal settlements between 
sewer elements will be studied. In the last phase the impact of (differential) settlement on hydraulic 
functioning will be analyzed using model calculations and data from the Amsterdam municipal call 
centre which contains detailed information on causes and consequences of sewer dysfunctioning. The 
last two research phases are merely described in this paper; quantification and data results will be 
presented in future publications.  
3 DETERMINATION OF THE AVERAGE GROUND SETTLEMENT IN THE 
AMSTERDAM AREA 
Starting in 1993, the vertical and horizontal position of manhole covers and sewer inverts have been 
measured once every 5 years. Currently these measurements are only used to determine the vertical 
position of sewer pipes and to indicate potential locations of stagnant water. The measurements are 
stored in the general information files. When a new measurement becomes available old values are 
overwritten since these files do not allow for the storage of time series. From 1995 onwards a back-up 
of the general information file is stored each year. With a lot of effort historical data can still be 
abstracted from these back-up files.  
3.1.1 Method of measurement 
The level of each manhole cover is measured relative to NAP (Normaal Amsterdams Peil or 
Amsterdam Ordnance Datum) using a levelling instrument (figure 3). The measurement starts from a 
benchmark (NAP bolt) with a known height and, if possible, completed with the measurement of 
another benchmark. By comparing the known height of this last benchmark with the measured level an 













Figure 3: Level instrument measurement and a NAP bolt 
 
After the measurement of the NAP level of the manhole cover the distance between manhole cover 
and invert level of the connecting sewers are measured using a rod. Perpendicular to the rod an extra 
bar is welded, this bar is positioned on the invert of the sewer pipe and a foot is placed on the 
manhole close to the rod (figure 4). The distance to be measured is indicated by the underside of the 
shoe and can be read on the rod. The standard deviation of this measurement is in the order of 1 
centimetre. The last measurement involves the determination of the x and y coordinates of the 
manhole using a total station, in a built-up area or GPS (Global Positioning System) device, in open 
areas. 
All measured values are processed by a computer; suspicious values (NAP level manhole cover is 
increasing, large differences in previous measurements) are identified and measured for a second 
time. Based on the NAP level of the manhole cover and the distance manhole-invert level, the NAP 
level of the inverts is calculated. Measurements (NAP level manhole, NAP level invert and x and y 
coordinates) are automatically stored in the general information files, as already mentioned old values 
are overwritten. 
 
Figure 4: Measurement of the distance between invert level and manhole cover using a rod. 
 
3.1.2 Method used to determine settlement from the data 
Because historical data can only be abstracted from the yearly back-up files several issues needs to 
be dealt with in order to interpret the data correctly and calculate the settlement: 
- interpretation of the abbreviations and codes used in the ‘old’ files, 
- ordering of the data in such a way that information of the same sewer/manhole is gathered 
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from each back-up file, 
- determination of moment of measurement and 
- the elimination of errors in the database e.g. reuse of manhole numbers. 
The computer program Matlab is used for the data processing. Because the size of this paper is 
limited the developed code and used methods will not be discussed in detail, in the following some 
issues will be highlighted. 
In the general information files no information is stored on the date of measurement; as a result this 
moment can only be estimated by comparing stored values in back-up files of subsequent years. 
Because projects on level measurements involve the measurement of both the NAP level of the cover 
and the invert levels of connecting sewers it is assumed that if the NAP level of a manhole cover or 
one of the NAP levels of the invert of connected sewers differs between subsequent back-up files the 
manhole was measured in that year. Figure 5 indicates the number of measurements available for 
each manhole. In the figure no difference is made between manholes which are not measured at all 
and manholes only measured once. Reason is that it is not possible to calculate the settlement of 
these manholes. In the legend of the figure the percentages of manholes for each category are 
indicated. As can be seen most manholes belong to the 0/1 category although it was expected that 
most manholes would be measured 3 times (data from 1995-2008, once every 5 years a 
measurement). An explanation for the deviating results is that approximately 30% of the manholes are 
constructed after 1995.  
 
 
Figure 5: Number of time a manhole was measured (NAP level cover and NAP level of the invert of connecting 




What stands out is that in areas where most manholes are inspected the same amount of times there 
are manholes that, based the applied method, are inspected more often (darker colour). Reason is 
that in the general information files NAP levels are altered even though the manhole was not 
measured. It also occurs that individual manholes are measured less often than surrounding manholes 
but, due to the method of plotting, this is not visible. To improvement the method, manholes of which 
and unlikely moment of measurements was determined will be excluded. 
The settlement (in meter/year) of the individual manholes is calculated by dividing the difference in 
NAP level of the manhole cover (∆z) by the time interval between two measurements (∆t). The 
settlement of manholes measured more than twice is calculated according: (∆z1+∆z2) / (∆t1+∆t2). 
Because the moment of measurement can only be determined with an accuracy of a year, the 
accuracy of the interval between two measurements is in the same order. 
3.1.3 Settlement map of the Amsterdam area 
Since currently the measurements are only used to determine the vertical position of sewer pipes, 
accuracy in the order of centimetres is accepted. But, in order to quantify sewer settlement, a higher 
accuracy is required. In order to minimize the error as much as possible only the measurements of the 
most accurate device, the level instrument (i.e. NAP level of the manhole cover), are used.  
In figure 6 a map indicating the settlement of the manhole covers in the Amsterdam area is shown. In 
the figure the manholes are depicted by a dot of which the intensity indicates the calculated average 
yearly settlement in meters.  
 
Figure 6: Average yearly settlement based on measurements on the NAP level of the manhole cover using a level 
instrument in the period 1995-2008  
 
In the figure clearly areas with a clustering of manholes with equal settlement can be discriminated. 
This suggests that the variation you want to measure (settlement) is not overruled by variations 
caused by the method to determine the settlement. The trustworthiness of the calculated settlement 
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will be verified by comparing the calculated settlement with the expected settlement based on 
geological information. 
4 RESEARCH PROPOSAL 
The objective of the research is to achieve a better insight in the hydraulic performance of sewer 
systems is area’s with significant ground settlement. With quantification of settlement an important 
precondition is attained. Further research will focus on a detailed analysis of differential settlement, the 
causal relation between settlement and hydraulic capacity and the relation between hydraulic 
functioning and impacts on network and system level.  
4.1.1 Differential settlements 
Sewer system dysfunction will predominantly be caused by settlement differences: when all manholes 
and sewer pipes settle at the same rate no problems will occur due to this (equal) settlement (figure 
7a). Because of uneven loading, soil heterogeneity, or longitudinal variability of installation conditions 
manholes (figure 7b) and individual pipes (figure 7c) can have a differential settlement (Buco et al. 
2008). Further, it can be possible that sewers are sagging between manholes (figure 7d). 
Of these 3 types of settlement (b-d) the rate of occurrence and the relation between parameters such 
as the total settlement, soil properties, type of joint, pipe material and pipe dimensions (Elachachi et al. 
2004) will be assessed. Besides the measurements of the NAP position of the manhole cover and 
invert level, sewer inspection videos will be used for this analysis. When sewer inspection videos do 
not provide the necessary information a different method will be utilized to determine the vertical 
position of sewer pipes. 
Figure 7: Different types of settlement differences: a) no difference b) between manholes, c) between pipes and 
d) the sagging of a pipe between the manholes. 
 
4.1.2 Sewers with and without foundation construction 
Differences in settlement are the largest between sewers with and without foundation; therefore 
problems due to unequal settlement will occur in its most extreme appearance at the connection of 
these two types of sewers. In Amsterdam all sewers and manholes at a depth below 1.80 meter under 
ground level have a piled foundation. The extend in which these sewers settle will be assessed; it is 
assumed that these sewers have a lower settlement rate. 
Local problems due to the combination of these two types of sewers will occur at the connection. 
Using in-sewer inspection the type and magnitude of problems occurring at these connections will be 
investigated. 
A more general difficulty caused by settlement differences between sewers with and without 
foundation is the minimization of the available height to transport the sewerage from the point of 











ground level is settling at a faster rate than the sewers with foundation. Once the sewers without 
foundation have a position below the sewers with foundation, sewerage can not be discharged 
anymore and part of the system will be permanently filled, resulting in e.g. a lower storage capacity, 
complaints on bad smell and sedimentation.  
4.1.3 Determination of the vertical position of rehabilitated sewer pipes 
In relation to the problems occurring due to settlement differences between sewers with and without 
foundations is the determination of the vertical position of a rehabilitated sewer pipe. Common 
knowledge will result in a vertical position that ensures the proper discharge of sewerage by 
connecting the rehabilitated sewer to (already settled) existing sewer pipes. In that way the opportunity 
to lift the sewers to their originally intended position will never occur e.g. local problems can be solved, 
but problems due to the settlement of the network of sewers without a foundation can never be solved.  
Research into this topic will indicate the extend of the problem and indicate possible solutions and 
prevention methods. 
4.1.4 Analyses of data from the Amsterdam municipal call centre (sewer system dysfunction) 
In order to relate sewer system settlement to sewer system dysfunctioning data from the Amsterdam 
municipal call centre will be analysed. Based on the previous 3 research topic’s locations where more 
problems are expected will be pointed out. These expected ‘problem locations’ will be compared to the 
locations mentioned in the database. The expectation is that e.g. locations with stagnant sewerage will 
have a higher probability on complains on bad smell and locations where the differential settlement is 
largest are expected to have a higher frequency of blockages. 
4.1.5 (model) Calculations 
Sewer system settlement will result in loss of hydraulic capacity because: 
- the storage capacity diminishes and 
- the hydraulic roughness increases. 
Both aspects have an impact on sewer system functioning by e.g. a higher probability of sewer 
flooding and/or overflow events. Research into these impacts using real event data is complicated 
because these events can be caused by, a combination of, all sorts of factors. Hence, the impact of 
settlement on sewer system functioning will be assessed using (model) calculations.  
5 CONCLUSION 
The subject of the study is sensible sewer rehabilitation using information on sewer settlement. The 
objective is to provide a methodology that can be used to predict the hydraulic performance of sewer 
systems in areas with significant ground settlement. If successful, this information will better support 
decisions on gravity sewer rehabilitation and maintenance in Amsterdam and other areas around the 
world with significant ground settlement. 
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